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RESUME 
La réalisation des pluies successives dans un lysimètre permet l’observation du 
mouvement de l’eau à partir des mesures de la teneur en eau. Malgré une répartition 
quasiment uniforme de la densité du sol mis en place, la distribution de la teneur en 
eau est non uniforme à une profondeur et varie au cours des pluies successives. Il en 
résulte l’apparition des zones plus humides qui sont moins filtrantes pour les 
nouvelles pluies. Ce comportement donne une explication de la réduction de la 
vitesse d’infiltration et du colmatage localisé de la surface de bassin d’infiltration. Le 
tracé des profils de teneur en eau dans un plan vertical médian du lysimètre permet 
la visualisation la formation d’un dôme piézométrique et de suivre sa montée au 
cours des pluies successives. La forme des profils prouve que la profondeur du front 
de saturation n’est pas constante comme le suggère l’équation de Green-Ampt. 
ABSTRACT 
The realization of the successive rains in a lysimeter allows the observation of the 
movement of water starting from measurements of the water content. In spite of an 
almost uniform distribution of the dry bulk density of the soil set up, the distribution of 
the water content is not uniform with a depth and varies during successive rains. It 
results from it the appearance of the wetted zones which are less filter draining for the 
new rains. This behaviour gives an explanation of the reduction the rate of infiltration 
and localised clogging of the surface of the basin of infiltration. The layout of the 
profiles of water content in the median vertical plan of the lysimeter allows 
visualization of the mound rise and to follow its spreading during successive rains. 
The form of the profiles proves that the depth of the saturation front is not constant as 
the equation of Green-Ampt suggests it. 
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1 INTRODUCTION 
Surface infiltration systems require permeable soils and vadose zones to get the 
water into the ground and to the aquifer, and unconfined and sufficiently transmissive 
aquifers to get lateral flow away from the infiltration systems without excessive 
groundwater mounding. Soil maps and hydrogeologic reports are used to do the first 
screening and to select the promise sites. Site permeability is evaluated according to 
clay (<2mm), silt (2-50mm) and sand (>50mm) percentage which define the soil 
texture. The hydraulic conductivity values of the various soils are proposed by 
Bouwer (1999) and an empirical relation gives ones of soil-gravel mixture (Bouwer 
and Rice, 1984). The choice of the infiltration basin hydraulic conductivity doesn’t take 
into account the layer heterogeneity.  
Clogging zones observed on the infiltration basin bottom reveal the surface variation 
of the hydraulic conductivity of the subsoil. The soil surface heterogeneity is 
confirmed by TDR (Time Domain Reflectrometry) measurements. To avoid the 
excessive groundwater mounding needs to have a deep water table, e.g. a large 
vadose zone. The influence the thickness of this zone can be the delay of the water 
movement to the ground water. This influence doesn’t depend only on the soil 
heterogeneity but on the delay of drainage which maintains high water content in 
certain part of the soil layer. Indeed, according to the hysteresis of the moisture 
retention curve, the drainage of the vadose zone is slower after the empty of the 
infiltration basin. Without sufficient water head pressure, the infiltration rate remain 
lesser than the soil permeability. This behaviour can provoke the infiltration basin 
overflow and the flood of the neighbourhood.  
To highlight the infiltration delay in the infiltration layer, successive artificial rains are 
carried out on a lysimeter. During the rains, soil moisture is monitored to follow the 
wet front and to assess the soil hydraulic conductivity. The soil moisture is obtained 
by TDR measurements.      
2 EXPERIMENTAL DEVICE AND PROCEDURE 
In order to simulate the hydric behaviour of the layer of infiltration, large volume of soil 
material is taken in the basin to build up a lysimeter. Geotechnical tests are 
performed on soil samples to determine grain size distribution and compaction 
optimum Proctor values. The uniformity and curvature coefficient are 90 and 6.1 
respectively. The identification test proves that the soil material is bad graded gravel 
(Gp). The standard permeability tests give a coefficient of permeability of 10-6m/s 
(0.1m/day) which is low for this type of soil. According to Bouwer (1999) proposition, 
the hydraulic conductivity is higher than 10-4m/s (10m/day). This gap on the soil 
permeability coefficient results that the tests are performed on material sieved at 
5mm.  
To record the advancing moisture front in the soil layer in the lysimeter, 21 TDR 
probes are installed on three beds of 7 probes. All TDR probes are connected to a 
multiplexer for continuous acquisition of the signal curves. The soil water content is 
obtained after the treatment of these signals.     
 
2.1 TDR measurement theory 
TDR measurements are carried out with Tektronix 1502B, collecting signal on com- 
puter using our own acquisition program. The Figure 1 shows samples of signals 
collected from one probe during a watering of the lysimeter surface. The moisture 
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increase is characterized by the increase of the curve minimum and its movement to 
the right. According to the TDR theory, the soil dielectric constant is computed with 
the distance l between the last point of the 1st horizontal part of the signal and the 









lε                                  (1) 
where L is the probe length.  
 





























1st Rain - 9:33:00
2nd Rain - 9:58:00
3rd Rain - 9:47:00
4th Rain - 11:03:00
4th Rain - 12:23:00
5th Rain - 13:33:00
5th Rain - 15:23:00
6th Rain - 15:28:00
6th Rain - 17:03:00
6th Rain - 18:08:00
 
Figure 1 TDR signal evolution during successive surface watering 
 
The soil volumetric water content is computed by the relationship proposed by Topp 
et al. (1980): 
32 0000043.000055.0029.0053.0 εεεθ +−+−=   (2) 
θ is the soil volumetric water content (m3/m3). 
This relation is replaced by one’s of Nadler et al. (1991), when the water content 
exceeds 0.18m3/m3. 
The load ZL of the probe embedded in the soil can be calculated with the voltage 









=ρ                    (3) 
ZL less depend on soil water content and can characterize the soil structure 
homogeneity. 
 Z0 represents the cable impedance; Z0 = 50Ω for the probe cable. 
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2.2 Lysimeter set-up and measurement program 
The lysimeter is built on a tank of 1.10m length, 0.90m width and 0.80m height. Soil 
material sieved at 50mm grain size is compacted in the tank on four layers. The 
weight of the soil is determined according to the height of each layer and the 
compaction density. Average density obtained after the lysimeter set-up is 1.87 which 
gives an average porosity of 0.29.  
Seven TDR probes of 80mm of length are installed above the first layer from the tank 
bottom, the 2nd layer and the 3rd layer. The probes are the mini Buriable Model 6111 
of Soil Moisture Equipment Corp. (Ca). So the soil moisture can be measured at 
0.08m, 0.30m and 0.45m depth.  
Before the first layer installation, a bed of 50mm clean gravel is put on the bottom of 
the tank covered with a goetextile. The surface of the upper layer is covered with fins 
mesh geotextile to avoid the surface layer erosion during watering. The location of the 
TDR probes is presented on the Table 1. Note that the axis origin is taken at the 
intersection between the vertical centreline and the surface of the lysimeter. 
Table 1 Location of TDR probes in the lysimeter (X, Y and Z cm) 
 
The test program is to simulate the rainfall of 2cm during an hour. So the surface of 
the lysimeter is watered by 20litres of tip water during one hour. Six rains are carried 
out to flood the lysimeter surface. The inflow tap of the tank is close during the rains. 
TDR measurements are performed during the rains and two or three hours after. The 
measures are launched every 10mn during each rainfall.  
3 RESULTS AND DISCUSSION 
To describe the hydric behaviour of the infiltration layer, the values of waters content 
and impedances of the soil are presented as contour values in each layer. The water 
movement in the infiltration layer is shown by the water content value level at each 
point of the layer. The high values of the water content thus announce the zones of 
ponding describing the zones where the infiltration rate is lower. 
Using the equation (3) the distribution of the values of the impedance ratio ZL/Z0 are 
computed at each point of the layers. The values of the impedance ratio are used to 
appreciate the structure of the soil and specially the local porosity of the soil. The 
variation of this ratio highlights the variation of the layer porosity. So the distribution of 
the impedance ratio allows an appreciation of the uniformity of the infiltration layers.  
In the Figure 2 is represented the contours of the impedance ratio in the upper layer 
and in the lower layer. It is noticed that the values of the impedance ratio do not vary 
Lower layer Middle layer Upper layer 
Pro
be X Y Z 
Pro
be X Y Z 
Pro
be X Y Z 
1 -25 -39 45 8 -25 -39 30 15 -25 -39 8 
2 0 0 45 9 -25 0 30 16 -25 0 8 
3 -25 39 45 10 -25 39 30 17 -25 39 8 
4 25 0 45 11 0 0 30 18 0 0 8 
5 25 -39 45 12 25 -39 30 19 25 -39 8 
6 -25 0 45 13 25 0 30 20 25 0 8 
7 25 39 45 14 25 39 30 21 25 39 8 
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quickly in the layers of infiltration. The variations do not exceed 0.15 for the two layers 
presented. The values of impedance ratio lie between 4.5 and 4.65 in the upper layer 
and between 4.10 and 4.20 in the lower layer. According to this weak variation of the 
impedance ratio values, the layers can be considered as a uniformed density layer 
and the average value of the porosity represents well the layers. So a uniform water 
movement in the soil is expected when the surface of the lysimeter is watered 
uniformly. 
 












































IMPEDANCE RATIO MAP FOR THE UPPER LAYER
During the 1st watering












































IMPEDANCE RATIO MAP FOR THE LOWER LAYER
During the 1st watering
 
Figure 2 Impedance ratio contours in the upper and lower layers in the lysimeter 
 
VOLUMETRIC WATER CONTENT MAP IN THE UPPER LAYER
During the 2nd watering











































































VOLUMETRIC WATER CONTENT MAP IN THE LOWER LAYER
During the 2nd watering
 
Figure 3 Volumetric water content contours in the upper and lower layer of the lysimeter during 
2nd rain 
Figure 3 represents the volumetric water content contours in the upper and lower 
layers in the lysimeter.  The volumetric water contents vary quickly in the central zone 
of the upper layer whereas the zones of fast variation are in the peripherals part of the 
lower layer. The volumetric water contents remain weak in the upper layer in the 
lysismeter, varying between 0.040 and 0.080 during the first watering. The volumetric 
water contents increased much in the lower layer; their values lie between 0.085 and 
0.125. Some points of the wet zones of infiltration layers reach already 0.125 during 
of the first watering when the volumetric water content remains less than 0.045.  
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The non uniform distribution of moisture in the layers shows that the layers have a 
heterogeneous hydric behaviour in spite of the practically uniform distribution of the 
porosity of the soil. This behaviour supposes the existence of the preferential flow 
ways in the layers.  In the upper layer, the soil in the central zone is more draining but 
water accumulates in the peripheral zone of the lower layer. This moisture distribution 
proves that the movement of water is also horizontal in the layers. A consequence of 
the presence of the more or less wet zones in a layer is the reduction the infiltration 
rate in certain parts of the layer. One then observes a delay of infiltration on the 
surface which explains located clogging in certain parts on the surface of the basin. 
This behaviour can also explain the groundwater mound even if all the surface of the 
basin takes part in the infiltration. 
The way followed by water in the soil layers changes during successive rains. Water 
continues to accumulate in the peripheral zones of the upper layer and the water 
content changes quickly in the central zone. In the same time a zone of high water 
content appears in the central part of the lower layer and the range of water content 
remains low. What reveals the formation of the groundwater mound starting from the 
bottom of the lysimeter (Fig. 4). To follow the mound rise, contours of water content 
are represented in the median vertical plan of the lysimeter. 
 
VOLUMETRIC WATER CONTENT MAP AT UPPER LAYER
During the 3rd waterring











































































VOLUMETRIC WATER CONTENT MAP IN THE LOWER LAYER
During the 3rd watering
Figure 4 Volumetric water content contours in the upper and lower layer of the lysimeter during 
3rd rain 
Figure 5 describes the water content contours in the median vertical plan during the 
first watering and second watering. It is noticed that the soil is more wetted in the 
lysimeter lower layer than in the upper layer and the contour forms change during the 
watering. Water accumulation zone remains in the same part of the lysimeter. During 
the 3rd and the 4th watering, the lysimeter central zone becomes more draining. Two 
mound rises start at the 3rd watering and spread upward the soil surface during the 4th 
watering (Fig.6). So the draining zone is reduced. The infiltration rate reduction by the 
mound rise explains the appearance of the flooding zone on the soil surface. During 
the artificial rain test, the first mound reaches the soil surface during the 5th watering.  
The water content contour forms in the Figure 5 and Figure 6 prove that the wetted 
front depth is different along the median line. So according to the equation of Green-
Ampt (1911) giving the depth of the saturation front, the cumulative infiltration must be 
different in each point of the vertical median plan. The application of the law of Darcy 
for the calculation of the coefficient of permeability becomes delicate since the 
infiltrated height does not have a single value. The flow system cannot be treated as 
one of piston flow. That is one of the consequences of the heterogeneity of the soil 
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with respect to the flow. This hydric heterogeneity resulted from the flow can induces 
some variations on the coefficients of permeability. One can admit the values 
obtained with the use of the cumulative infiltration to represent the soil permeability if 
the variations remain weak. 
 


































VOLUMETRIC WATER CONTENT PROFILES IN MIDDLE SECTION
During the 1st watering


































VOLUMETRIC WATER CONTENT PROFILES IN THE MIDDLE SECTION
During the 2nd watering
 
Figure 5 Volumetric water content profiles during the 1st and 2nd rain 
The mound rise visualisation by water content measurements during successive rain 
tests gives data to validate the Hantush equation to calculate transmissivities from the 
rise of the groundwater mound (Hantush, 1967; Bouwer, 1978). Values of the fillable 
porosity to use are given by the volumetric water content in the mound. 
 


































VOLUMETRIC WATER CONTENT PROFILES IN THE MIDDLE SECTION
During the 3rd watering


































VOLUMETRIC WATER CONTENT PROFILES IN THE MIDDLE SECTION
During the 4th watering
 
Figure 6 Volumetric water content profiles during the 3rd and 4th rain 
4 CONCLUSION 
In order to understand the movement of water in the layer of infiltration of a basin, the 
physical models can bring an invaluable help. Often the heterogeneity of the ground 
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is a problem for a reliable evaluation of the parameters to use for the description of 
infiltrated flow. The results obtained with the lysimeter prove that an anisotropic hydric 
behaviour can appear in spite of the care taken during the installation of the layers of 
infiltration to have a uniform soil density. Water follows privileged ways during the 
infiltration and the distribution of moisture in a layer becomes not uniform. The wettest 
zones become less draining at the time of new rains. The infiltration rate is reduced 
by place supporting clogging of the basin surface. 
The measurement of the water content in real time in various points of the layer of 
infiltration by techniques of TDR (Time Domain Reflectrometry) allows the obser- 
vation of the saturation front. The knowledge of depth of the front allows an evaluation 
of the permeability of the unsaturated zone. For that the determination of the moisture 
characteristic curve of the soil is needed. A determination of this curve for a cycle of 
infiltration and drainage is in hand for a complete analysis of the water movement in 
the unsaturated zone.  
The layout of contours of the water contents in the median vertical plan of the 
lysimeter allows the observation of the mound rise which can be used for the 
assessment of the transmissivity of the soil horizon. The knowledge of the thickness 
allows obtaining the coefficient of permeability. There is then the possibility to 
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